PALMER AND BARBER—FILL CONSTRUCTION

By L A Pamer anp E S Bareer
Dwnsion of Tests, U 8 Bureau of Public Roads

SYNOPSIS

The stability of the fill and the supporting power of the undersoil are im-
portant factors in design The stresses 1n the undersoil caused by the weight of
the fill are independent of elastic constants since the problem 1s one of plane

deformation The greatest shearing stress at any pomnt in the undersoil 1s %

where p 1s the unit load, and if this does not exceed the cohesion correspond-
g to the maximum allowable deformation, the supporting power of the under-

soil 13 ample If the cohesion of the undersoil 1s less than 5—, 1t does not

follow that failure will result Further study of the supporting power of the
undersoil 15 necessmy mn this case and for this purpose Prandtl’'s method of
plastic equilibrium may be used The ¢ circle method 1s applied to the problem
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PRINCIPLES OF SOIL MECHANICS INVOLVED IN FILL CONSTRUCTION

of the stability of the fill itself

The design of a fill 1equires con-
sideration of the stability of the fill itself
and the supporting power of the under-
soll Seepage, hydrostatic uphft, and ca-
pillary saturation are factors which affect
the stability of fills, but do not prevent
1ts approximate determination by ana-
lytical methods Gradual settlement of
the fill, due to consolidation of the fill
materials, the undersoil, or both, 1s also
8 very important consideration, but this
18 not necessarily associated with the
resistance to shear, upon which stability
depends The limitations in design of
cross section and the possible facters of
safety should be known before construc-
tion of the fill, and 1n this respect soils
must be considered 1n the same hght as
any other engineering material

STATEMENT OF THE PROBLEM

Fills fail when deformations in the
fills or their foundations exceed those
permissible ! 1n the design of the par-
ticular structure

1The safe working strength of soils, 1t 18
emphasized, 1s not necessarily based on themr
ultimate strengths For cohesive soils especially,
it 18 more often determined from the stress-
deformation relations of the particular soil
mvolved, and 1s based on the allowable settle-
ments, deformations, or other movements of

The first task, then, 1s to make a sys-
tematic analysis of stress distribution
Next must be determined the resistance
of the earth materials to these stresses

Observations of numerous slides have
led engineers generally to conclude that
the most probable surface of failure in an
embankment of fairly homogeneous earth
18 cyhindrical 1n shape, and the shde 1s
approximately circular in cross section
A method of determining the position of
the “most dangerous shding circle” by a
laborious graphical procedure, termed
the “method of slices,” has been pub-
lished 1n Public Roads (1) 2 Donald W
Taylor (2) has suggested application of
the so-called ¢ circle method, used by
Krey (3), in the consideration of safe
bearing loads 1n foundation problems

Determmnation of stress distributions
in the undersoil begins with the point
load formula of Boussmesq, which as-
sumes the stressed material to be 1sotropic
and elastic Integrating the pomnt load
formula for all the ponts located on a
stiaight line furnishes an expression of
the stress produced at a point m the earth

the structure being designed See Figure 7 Re-
port of Department of Soils Investigations,
page 474 this volume

2 Figures mn parentheses refer to list of refer-
ences at end
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by a untformly loaded suiface strip of
infinite length and of infinitesimal width
Integration of the expression for line
loads over a given width furnishes the
quantitative expressions for the normal
and shearing stresses at a given pomt
beneath the loaded area Such working
formulas have been developed by 8 D
Carothers (4), (5), (6)

Coulomb’s formula for the ultimate
shearing resistance is

s=c¢+pa tang

whete s=shearing resistance, c¢=cohe-
sion and p,=normal pressure, all with
reference to a umit of area The pressure,
Pa, 1s normal to the plane of shear and
¢ 1s the angle of internal friction The
laboratory procedures for obtaimng the
values of ¢ and ¢, are not considered 1n
this paper and p, 1s obtained analytically
from the known stress distribution and
varies over a wide range throughout the
supporting earth below the fill In gen-
eral, 1ts value 1s much greater than zero
and for this reason 1t 1s on the side of
safety and expediency to be guided by
the simple rule

A coheswe supporting soil 1s considered
as safe 1f 1ts greatest shearing stress does
not exceed the cohesion corresponding to
the mazvunum allowable deformation In
such a case no further consideration need
be given to the problem of bearing ca-
pacity of the supporting soul

If, however, the greatest shearing
stress beneath the loaded area exceeds
the cohesion of the undersoil, further
study of 1ts bearing capacity 1s required
and for this purpose Prandtl’s method of
plastic equilibrium may be used

CASE 1 FILL ON GOOD UNDERSOIL

Figure 1 1s a pressure diagram of the
vertical cross section of a fill The weight
of fill material on a square foot at the
surface of the supporting soil (excluding
the slopes) 1s wH=p, where w=average
weight per cubic foot of fill material and
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H=height of fill If there 1s hydrostatic
uphft, then w=the buoyed weight of a
cubic foot of soil mass Horizontal dis-
tance 1s denoted by x and vertical dis-
tance by z The “y” direction 1s along
the length of the fill The problem 1s one
of plane deformation and Figure 1 1s in
the xz plane The x and z axes and the
origin are as shown 1n the diagram The
angles a,, a,, and a3 between the radial
lines Ry, R, Rs, and R,, drawn to any
pomnt (x, z) 1n the undersoil, are mea-
sured 1n radians The major principal
stress, py, 18 1n the direction of the bi-
sector of angle a, and the mmor prinecipal
stress p, 18 perpendicular in direction at
any pomnt to p, The vertical normal
stress at any pownt (x, z) 1s p, and the
horizontal normal stress 1s p,, the sub-
scripts referring to the direction of these
two normal stresses The shearing stress
corresponding to p, and py 18 S, The
maximum shearing stress at a point (x, z)
1s s max and this 1s equal to one-half the
difference of the two principal stresses

at that pomnt, that 1s s max:%.
The loc1 of points of constant s max are
shown 1n Figure 2 for the distance “a”
equal to the distance “b” (Fig 1) The
greatest value of s max for this case 1s
031p It 1s on the oz axis at a depth
z=3/2a For a=2b, the greatest value
of s max 1s approximately 0 3p and 1s on
the oz axis, a depth equal to 0 96a, below
the bottom of the fill

For any type of fill, within the range
of a=b to a=2b, the greatest value of s
max 1s approximately 03p Undersoils
which have cohesions equal to or greater
than 03p furmish ample support for the
fll

This quantity, 0 3p, 1s the first to com-
pare with the shearing strength of the
undersoil If this stress 1s lower than the
strength, the answer 1s evident, 1f higher,
1t does not necessanily follow that danger
of failure exists If the undersoil has a
uniform strength of 0 3p, 1t 1s seen that
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only mside the s=03p curve, Figure 2, these conditions, a plastic zone having
1s the strength exceeded by the stresses been developed, the theoretical stress
This danger zone 1s confined and 1s sur- diagram 1s no longer correct

rounded on all sides by material having For example, let 1t be assumed that a
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Figure 1 Stresses 1n Earth Below Fill

a reserve of resisting capacity The ma- fill 20 feet high 1s to be constructed on

terial 1n the plastic zone may yield to the undersoil, Table 1

some indeterminate extent and transmit The value p 1s equal to wH=90x20

to the adjomnllg matenal that part of the =1800 Ib sq ft The gieatest shearing

load which it'cannot resist itself Under stress at any point in the undersoil 1s
17
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SOILS INVESTIGATIONS

TABLE 1
AssSUMED PROPERTIES oF SoILs
¢ = ¢ = angle | w = weight
Matenal cohesion off;::tg;:al pel;;;ltblc
ib persq ft Deg Ib
Fill 200 5 90
Undersoil 800 15 110

03p=03x1800=540 1b per sq ft,
which 1s less than 800 Ib per sq ft, the
cohesion of the undersoil Furthermore,

a. b —f

assumed that the fill material 1s disturbed
and not consolidated It 1s to be de-
signed safe with respect to the cohesion
of the fill material (see Table 1) alone
This 1s explamed 1n the following para-
graph

In the older method of ‘“slices” the
equation for equilibrium 1s

R3T=R3N tan ¢+ RLc¢

where R 1s the radius of the most dan-
gerous circle, T 1s the tangential stress

P

o
o 0%

2,

§F

I I 't 2 1 1

Figure 2 Isoshear Lines Under Typical Linear Fill, a=b

the total shearing resistance at a point on
a plane of maximum shearing stress 1s

s=800+p, tan 15°,

where p, 1s the pressure that 1s normal
to the plane By ngpection 1t can be
seen that p, 1s greater than zero and
therefore the shear strength furnished
by p. tan 15° 1s additive to the shear
strength of 800 1b per sq ft furmshed
by the cohesion alone

In the design of the fill by the “method
of slices” 1t 1s assumed at the outset that
the fill slopes at an angle 1=45° with the
horizontal See Figure 3 It 1s further

C—H.ﬂn p=Rsin5*

MOST DANGEROUS
SLIDING SURFACE

~~ __E 0

M=20ft

8 4

Figure 3 Illustration of the Most Dangerous
Shiding Circle for a Given/ Slope




PALMER AND BARBER—FILL CONSTRUCTION w

(tangent to the circle at the imidpoint of
a given slice), N 1s the stress normal to
the tangential direction, L 1s the length
of the entire arc (of the circle) through
the earth, and c 1s the umt cohesion The
expression on the left of the equation of
equiibrium, RET, 1s the shearing stress
moment That on the right, RN tan ¢
+RLec, 1s the resisting moment Solving
for ¢,

c (computed) — ﬂ—_—taﬁ]ﬂ

and

c¢(as determined from tests)
c¢(computed)

=factor of safety

with respect to cohesion alone This pro-
cedure assumes utihzation of all of the

TABLE 2
Dara on CriTicaL CIRCLES
BY ¢ CIRCLE METHOD

(Taken from Table 1, Stability of earth
slopes, by D W Taylor)

1 ) x y ¢
Deg Deg Deg Deg FwH
90 5 50 14 0 239
45 0

5 312 421 0 136
10 34 39 7 0 108
15 36 1 37 2 0 083

30 10 25 44 0 075

15 5 11 47 5 0 070

avallable friction, ¢ 1n the equation
being the limiting value of the angle of
obhquity

The values for the angles x and y are
obtammed from Table 2 (Table 1 of
Taylor’s article) The fill section, BCD,
(Fig 3) 1s drawn to scale For 1=45°
and ¢=>5° (Table 1), we find in Table 2
that x=312° and y=421° This enables
us to draw the chord BE (Fig 3) m-
chined at an angle x=312° with the
horizontal From the pomnts, B and E,
draw the radial lines, R, R, to intersect
at an angle, 2y, at the center O, of the

507

¢ circle, which 1s on the perpendicula
bisector of BE

With R as radius and O as center (see
Fig 3), describe the arc, BAE, of the
most dangerous shiding circle OA bisects
the angle, 2y With O as center and
OF =R sin ¢=Rsmn 5° as radiwus, draw
the ¢ circle Draw AF tangent to the
¢ circle

The result of the earlier graphical so-
lutions of the slope problem was expressed

as a vector quantlty,% , ¢ being the unit

cohesion and w the unit weight of the
material If the length of this vector 18
divided by any linear dimension such as
H, the vertical height, the result, vf_Ic{ 1S 8
dimenstonless abstract number which,
when determined for the most dangerous
circle, describes the requirements for
stability The form used by Taylor for
this abstract number (“stability” num-

ber) 1s wheremn F 1s the factor of

¢
FwH
safety with respect to cohesion alone

It will be observed in Figure 3, that
the most dangerous (critical) circle as
drawn cuts into the relatively cohesive
undersoil below the plane, BB’ In the
various publications dealing with the
theory of the shding circle 1t 1s always
assumed that the soil throughout the en-
tire depth traversed by the most dan-
gerous shding circle 1s umform with re-
spect to both cohesion and friction This
assumption serves to simphfy an other-
wise most complicated problem In the
present case this assumption 1s made only
with respect to the fill matenal, but 1t
15 also assumed that the resistance to
shding of the fill material over the sur-
face of the more cohesive supporting soil
at the plane boundary, BB’, 1s approxi-
mately the same as that which 1s as-
sumed for the arc BB’ (Fig 3) Actually,
the fill would tend to shear along B’AE
and the shde over the surface BB’ would
be 1n the nature of a detritus shde If
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the value of ¢ for the fill material were
much greater than 5°, the value of the
angle x would be greater than 31 2°, the
value of the angle y would be less than
42 1° and the dangerous circle would not
cut mto the supporting soil below the
plane, BB’

The above construction 1s permissible
when the most dangerous circle passes
through the toe of the slope, which 1s
the case when n=4(cot x—coty—cot:
+51n ¢ csc X csc y) 1s a negative quantity
or zero Here n 1s the ratio of the dis-
tance from the toe of the slope to the
intersection of the dangerous arc with the
ground surface to the vertical height, H
On substituting values from Table 2,
x=312° y=421°1=45° and ¢=5°, 1t
1s found that n 1s negative

The quantity, ﬁ, for 1=45° and

¢=5° 15 found from Table 2 to be 0 136
In this case, ¢ =cohesion =200 1b per sq
ft, w=umt weight of fill material=90
Ib per cu ft and H=20 ft F, the factor
of safety, 1s then found as follows

¢ o .n 200
Foi —0136= T3 9030
and
200

F= 90 x20x0 136 =08

With respect to cohesion alone, there-
fore, the fill 1s unstable for 1=45° and
H=20 ft The value of F may be In-
creased by decreasing erther 1 or H Sup-
pose that a safety factor of 2 with re-
spect to cohesion 1s desined and that the
height, H, must be maintained at 20 ft

c
Then the value ol becomes

c 200 1
FwH —2x90x20 — 18 —0 056
From curves such as shown i Figure
4, 1t can be found that for ¢=5° and

¢ °
m_o 056, 1 equals 12
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CASE 2 FILL ON QUESTIONABLE UNDERSOIL

The soil data for this case are given
in Table 3 The fill 1s to be constructed
with a 1 1 slope and with dimensions as

shown 1n Figure 5 The factor 18

c
FwH
equal to 0083 when ¢=15° and 1=45°
(Table 2)
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Figure 4 Chart for Stabiity Number, FSIH
TABLE 3
AssSUMED PROPERTIES OF SoiLS
¢ = ¢ = angle | w = weight
Material cohesion of‘;ll::tﬁzx;nl pel;:‘;l"blc
ib persq ft Deg b
Full 800 15 110
Undersoil 200 5 100

Figure 5 The Surface of Failure in the
Supporting Soi1l '

In this case,

¢ _ 800
FwH ~ Fx110x20
P 800 _

~ 110X 20x 0083

=0083

44
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The fill of 1itself 1s, therefore, stable as
constructed

The above computation assumes that
all of the available friction along the arc
of the dangerous circle 1s utilized 1n hold-
ing the earth 1n place If a part of the
avallable friction 1s not developed or
mobilized, there remains a certain un-
used strength which represents a factor
of safety with respect to friction The
angle ¢ 1s the limiting value of the angle
of obliquity and if at any point of the
circular arc the obliquity of stress 1s ¢
which 1s less than ¢, then

tan ¢ =Fp tan ¢’

where Fg 15 the factor of safety with re-
spect to friction alone and

__ tan¢
P~ tan¢

Thus for ¢'=¢, Fr becomes unity and
for ¢’ less than ¢, Fr exceeds unity

The value, 4 4, as above computed, 18
the factor of safety as related to cohesion
alone Shearing resistance 1s determined
by both cohesion and friction The true
factor of safety, F,, takes into account
both ¢ and ¢ If the true factor of safety
15 4 4, then the cohesion corresponding to
this value may be computed and 1ts
magnitude compared to the actual co-
hesion From the preceding formula,

tan ¢’=ﬁtan 15°, therefore ¢'=35°,

the average developed obliquity, or the
obliquity which (1f constant) yields the
same total frictional shearing stress as
actually 1s developed Taylor has com-
puted the value for WCH corresponding
to 1=45° and ¢=35° to be equal to
0147

Hence

c _ ¢
FwH ™ 44x110%20

o1 ¢=1,423 Ib per sq ft
This means that to have a true factor
of safety of as much as 4 4, the cohesion

=0 147

of the fill material must be 1,423 rather
than 800 lb per sq ft, with only about
23 per cent of the total available fric-
tion bemg utihized

Next consider the bearing capacity of
the supporting soil With reference to
Figure 5, if the supporting power, q, of
the undersoil 18 less than the umt load to
which 1t 18 subjected, failure takes place
over the surfaces MLK, AK, and DK
The diagram represents a section of unit
thickness 1 the direction perpendicular
to the plane of the paper Prandtl’s (7)
method of plastic equilibrium 18 applhed
in this case and 1n 1ts application we
must assume perpendicular slopes It 18
on the side of safety to reconstruct graph-
1cally the section, EFIH, Figure 5, to
have the form of ABCD without chang-
ing the volume or mass of fill maternal
The dimensions of the fill as recon-
structed are shown 1n the diagram (Fig
5) The width, 2b, 18 60 ft, half the
width=b=30 ft and the height 18 20 ft
When the supporting earth fails 1n shear,
zone 1 moves down bodily, shearing at
the planes AK and KD Zone II under-
goes & combination of rotation and shd-
ing along the log spiral, KL Zone III
moves outward and upward, shearing
along the plane, LM

The radial line drawn from either of
the ponts, A or D, to any pomnt on the
spiral, LK, makes a constant angle 24,
with this curve The value of A 18
45° — ¢/2.

It 1s assumed that the ground water
level 1s at the surface, MM (Fig 5), of
the supporting so1l Taking the weight of
a cubic foot of water as 625 lb, the
buoyed weight of a cubic foot of the
supporting soil 18 100—62 5 or 375 1b
=w’ =effective umt weight The formula
used 1n computing q, the bearing ca-
pacity of the undersoul, 18

q= (¢ cot ¢ +w'b cot &)

_]m tan ¢ _
[ 1——sm¢»e1r !



510

and on substitution of 200 for ¢, 30 for b,
5° for ¢ and 42 5° for A,

q=(200x 1143 +37 5x30x1091)

Mes 1416x0 0875 _ ]
1-0087

or q=1,990 Ib per sq ft
Here e 1s the Naperian base (natural
logarithms) The bearing load per umt

area=20x110=2200 b per sq ft The
factor of safety, F, 1s

1,990
=3.200 =09
This factor of safety may be increased

by increasing the width of the fill or by

-
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pacity formulas may be expressed by the
one very simple formula,

q=Kp,

where q=bearing capacity, K 1s some
multipher, and p. 1s the compressive
strength of the soil as determined by a
laterally unconfined compression test In
the derivation of his formula for q, the
supporting power, Prandtl used the ex-
pression,

__2ccos ¢

‘T 1—smg¢

which 1s obtamned from the Mohr dia-
gram as shown 1n Figure 6
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Figure 6 Mohr’s Diagram Illustrating Compressive Strength, pc of a Material OIM = Plane
of Shear, c=Umt Cohesion and ¢ =angle of Internal Friction Sheanng Stress on Plame

OM under Vertical Pressure pc 1s mn

decreasing 1ts height The height of the
fill required for a factor of safety of 2 18
determined as follows

_ . q _ 1990 _

F_WXH_IIOXH =2,
1,990 _

=390 =9t

Supporting Power Is Related to Com-
presswe Strength

It wall be of help to the reader of the
current hiterature pertaining to the bear-
ing capacity of soils to bear in mind that
the essential features of all bearing ca-

With a radius equal to %, a circle
[
having 1ts center on the horizontal axis

and at a distance 2 from the onigin O,

1s drawn For the 1deal case the angle «
which the planes of ship or fracture of
the specimen tested, make with the hori-
zontal, bemng determined, the line OM
1s constructed through the origin and at
the angle a with the horizontal The en-
velope line 18 then drawn tangent to the
circle at the point M where the line OM
mtersects the circle
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The intersection of the envelope line
with the shearing stress axis discloses,
according to Mohr’s theory, the cohesion,
¢, of the material The angle of the en-
velope hne with the horizontal, equals
the angle of internal friction of the ma-

terial, and «a=45°+ %

The use of Mohr’s diagram 1n connec-
tion with analyses of test data of plastic
soils, which deform considerably before
failure or have no readily distinguish-
able planes of slip or fracture, 1s subject
to special considerations not discussed
herein

For purely cohesive soil, ¢=0, the
values for q 1n terms of unit cohesion, ¢,
as obtained by the methods of Terzagh,
Krey, and Prandtl, assuming an imfinite
strip, umiformly loaded, are as follows

Method of Terzaghi, q=4c

Method of Krey, q=6 6¢

Method of Krey (simplified), q=60c
Method of Prandtl, q=25 14c

The authors tentatively prefer the
method of Prandtl, which 1s based on
well established principles of mechanics
as they pertain to the condition of plastic
equlibrium For a cohesive soil the
method of Terzaghi 1s more conservative
than the others and like Prandtl’s method
has the advantage of being finally ex-
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pressed 1n a single formula The graphi-
cal method of Krey does not have this
advantage and 1ts use mnvolves consider-
able time and labor As already men-
tioned, however, the adaptation of his
method to the problem of stability of
slopes has simplified the older solution
of this problem as presented by Petter-
son, Fellenius, and others ?
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DISCUSSION ON SOIL. MECHANICS IN FILL CONSTRUCTION

Pror D P KryNINE, Yale Unwversity -
The authors have applied the general
method which 1s used 1n such cases, and
I wish to say a few words about the
method 1tself The embankment and its
foundation are considered 1n this method
as separate bodies whereas in reality they
form a whole, and have a common set
of principal stresses, although, if the em-
bankment and the foundation are of
different materials, there may be some
break in pirincipal stresses at the surface

of contact In a research project com-
mittee of the Highway Research Board,
this problem 1s being considered 1n some
detail

Furthermore, I wish to call attention
to the following inconsistency of the so-
called “shice method ” Vertical pressure
at a pomnt located at a certain depth
below a slope 1s measured by the weight
of the corresponding earth column If
the height of the embankment 1s inc1eased
by placing some additional earth at 1ts
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top, vertical pressure at the given point
computed according to the “slice method”
would not change, and this seems 1l-
logical

The designer of an embankment should
keep 1n mind that trajectories of maxi-
mum shearing stress under the center of
the embankment are purely theoretical
in character In reality, earth material

SOILS INVESTIGATIONS

at that section 1s confined by the prin-
cipal stresses and shear action may take
place only close to the edges of the
foundation

Fmally, I believe that the safety
factor, 2, which Mr Palmer has assumed,
could be somewhat decreased without af-
fecting the stability of the embankment





